The electrochemical reduction of 9,10-anthraquinone (AQ) was investigated in CH3CN in both the absence and presence of the hydrogen-bond and proton donating additives, CH3OH, CH(CF3)2OH, phenol, 4-methoxyphenol, 4-cyanophenol, 2,4,6-trichlorophenol, and benzoic acid (BA). Three clearly different types of electrochemical behavior were observed with increasing concentrations of the additives, and were simulated to analyze the reaction mechanisms. Type I was observed for weakly interacting additives, such as CH3OH, characterized by positive shifts of the two well-separated reduction waves, corresponding to the formation of AQ • -and AQ 2-, with no loss of reversibility. The second wave shifted more strongly, and finally merged with the first. These behaviors are explained by the association of AQ 2-with the additives via strong hydrogen-bonding. Type II is attributed to a reduction mechanism involving quantitative formation of strong hydrogen-bonded complexes of AQ 2-with additives, such as CH(CF3)2OH, phenol and 4-methoxyphenol, showing a reversible or quasireversible two-electron reduction wave with increasing concentrations of the additives. The behavior of Type III, observed in the presence of strongly interacting additives, such as 2,4,6-trichlorophenol and BA, is characterized by a voltammogram composed of the 2-electorn cathodic and the broad anodic waves without keeping reversibility, facilitated by proton transfer in the hydrogen-bonded complexes, AQ • --BA and AQ 2--BA. The effects of hydrogen-bonding and protonation on the electrochemistry of AQ have been systematically demonstrated in terms of the potentials and reaction pathways of the various species, which appear in quinone-hydroquinone systems.
Introduction
Quinones are very important redox species that have played an important role in electrochemistry and other fields, including biochemistry where quinones take part in important processes, such as respiration and photosynthesis. [1] [2] [3] [4] [5] Hydrogen-bonding and proton transfer are of key importance for controlling the reduction potential and reaction path. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] In well-buffered aqueous media, quinone-hydroquinone couples provide familiar, reversible two-electron redox systems in which half-wave reduction potentials vary with the pH in a straightforward Nernstian manner. 16 On the other hand, in dry, neutral aprotic media, quinones typically show two cathodic waves corresponding to reversible formation of the radical anion and the dianion. It is well documented that thermodynamic stabilization of these ions by hydrogen donors significantly affects the electrochemical behavior of quinones. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Clearly different types of behavior are observed for the electrochemistry of quinones in the presence of various kinds of additives. Electrochemical and spectroelectrochemical investigations on redox systems composed of the quinone-additive pair in aprotic media, involving electron transfer coupled with hydrogenbonding and proton transfer, give much information concerning the effect of the molecular structure and environment on these basic processes. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] 17 Much attention has been paid to the characteristics of the redox behavior of quinones by hydrogen-bonding with weakly interacting proton donors, such as CH3OH and C2H5OH, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] which is implicated in controlling both intra-and intermolecular structures in biological systems and biological function as an active site of quinoenzymes. [3] [4] [5] Such studies demonstrate that the first and second reduction waves of quinones move towards less-negative potential values as the concentration of the proton donor is increased, with no loss of reversibility. We first considered the models used to describe this type of interaction involving the hydrogen-bonding of unreduced and reduced quinones with CH3OH, and evaluated the hydrogen-bond formation constants using electrochemical techniques. 6, 7 It is concluded that the characteristic voltammograms are associated with strong hydrogen-bonded complexes of the electrogenerated dianion with CH3OH involving the n-σ type charge transfer interaction. 7 Similar models were used to get a deeper insight into the characterization of the electron-transfer coupled with hydrogen-bond formation in quinone redox systems. [10] [11] [12] [13] [14] [15] It is well-recognized that the presence of a strongly interacting donor, such as benzoic acid (BA), is characterized by disappearance of the second wave and the appearance of new waves prior to the first wave, together with a new anodic wave. 18, 19 The presence of a stronger acid than BA gives similar cyclic voltammograms. 8 These are generally attributed to well-known processes involving proton-coupled electron transfer, in which electrons and protons are both transferred. 8, [12] [13] [14] Recently, it has been demonstrated that some proton-coupled electron-transfer reactions observed for the hydrogen-bonded quinones can occur by concerted proton and electron transfer (CPET) rather than by sequential two-step transfers (e.g., electron transfer followed by proton transfer, or proton transfer followed by electron transfer). 17 CPET pathways are important for avoiding high-energy intermediates, playing an integral role in photosynthesis and respiration, for example. 20 On the other hand, in the presence of moderately interacting proton donors, a typical voltammogram is an apparently reversible reduction wave involving two-electron transfer. 8, 14 One of the few typical examples is the cyclic voltammogram of 2,5-dichlorobenzoquione in the presence of 1,1,1,3,3,3-hexafluoro-2-propanol in benzonitrile. 8 To our knowledge, a satisfactory explanation of the reversible two-electron reduction mechanism is still lacking.
Generally, the electrochemistry of quinones in the presence of hydrogen donors is characterized by a positive shift in potential, and changes in the wave height and reversibility in the cyclic voltammograms. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] These would result from stabilization by hydrogen-bonding or protonation of the anionic products, either of the first or second stage of reduction, attributed to the basicity of the anionic products and the acidity of the additives. Although there is a long history of investigations of the effect of proton donors on the reduction of quinones, little systematic research has been done. In this paper, typical voltammograms observed for coupled electron and proton transfer reactions involved in hydrogen-bonding of 9,10-anthraquinone (AQ), as a basic structure of anthracycline antitumor drugs associated with biological electron transfer, 21, 22 are classified, based on analyses by digital simulation of cyclic voltammograms; they are associated with the reaction mechanism by means of analyses of the mole-fraction distribution diagrams constructed by the simulated parameters.
Experimental

Chemicals
AQ was commercially available from Nacalai Tesque, Inc., and was purified by repeated sublimation under reduced pressure, and once again just before use. The hydrogen donors employed here were CH3OH, phenol, 4-methoxyphenol (MP), 2,4,6-trichlorophenol, 4-cyanophenol, CH(CF3)2OH, and benzoic acid (BA). CH3OH of spectrograde purity from Nacalai was stored over molecular sieves (3A, Nacalai) for more than 2 days, and then carefully rectified prior to use. Phenol and BA purchased from Tokyo Chemical Industry Co. and Nacalai, respectively, were repeatedly recrystallized from water. Recrystallization from a mixture of CH3OH and water (1:4) was adopted for the purification of 4-cyanophenol (Nacalai). MP (Nacalai), 2,4,6-trichlorophenol (Nacalai), and CH(CF3)2OH (Kishida Chemical Co.) were used as received without further purification.
The solvent used for electrochemical measurements was CH3CN of spectrograde purity, which was purified as reported in a previous paper. 23 Tetrapropylammonium perchlorate (TPAP) was prepared as described previously, 23 and used as a supporting electrolyte for CH3CN. TPAP was dried well under a high vacuum just before use.
Electrochemical measurements and simulations
Cyclic voltammetry was performed with a three-electrode system consisting of a glassy carbon (GC) working electrode (f = 1 mm), a coiled platinum wire counter electrode and an Ag/AgNO3 referenced electrode (containing CH3CN solution of 0.1 mol/L tetrabutylammonium perchlorate and 0.01 mol/L AgNO3) with a BAS 100B electrochemical workstation and BAS electrochemical software to record and analyze the data. The temperature was controlled during the measurements by circulating constant-temperature ethanol throughout the cell compartment by the use of a Tokyo Rikakikai thermoleader modeled UA-100. The sample solutions were prepared in a dry box completely filled with N2 gas to prevent contamination by moisture. The solutions were purged with N2 gas to remove oxygen, and N2 gas was passed over the solution during the measurements; the experimental procedures are described in previous papers.
Digital simulation of the voltammograms of AQ was performed in the presence of CH3OH, MP, and BA as a typical example of the electrochemical behaviors. Voltammograms with TPAP (without AQ) were recorded and subtracted from the voltammograms of AQ to obtain background-corrected curves used for simulation. Digital simulations were conducted using DigiSim, Ver. 3.03, a BAS software package for the digital simulation of common electrochemical experiments. The electrode area was determined to be 0.007854 cm 2 . The electron-transfer coefficients were assumed to be 0.5 for all electron transfers. The diffusion coefficients used for the simulations were 1.7 × 10 -5 and 1.6 × 10 -5 cm 2 /s for AQ and AQ • -, respectively, adjusted to match the cathodic peak heights. It was assumed that the diffusion coefficient of AQ 2-is the same as that of AQ • -(1.6 × 10 -5 cm 2 /s). The diffusion coefficients of CH3OH, MP, and BA were set at 3.0 × 10 -5 , 2.2 × 10 -5 , and 2.0 × 10 -5 cm 2 /s, respectively. Semi-infinite diffusion was assumed for the simulation.
Results and Discussion
Cyclic voltammograms of AQ in the presence of hydrogen donors
AQ shows typically two cathodic voltammetric waves, which correspond to the sequential formation of the radical anion (AQ • -) and dianion (AQ 2-). The energetics of the electron-transfer steps has been discussed on the basis of molecular orbital theory in previous papers. 23, 24 It is well recognized that hydroxylic and carboxylic additives involving hydrogen-bonding or protonating ability cause significant effects in the electrochemistry of AQ in neutral aprotic solvents. Three clearly different types of electrochemical behavior were observed, in association with the acidity of the proton donors, for the voltammograms of AQ with increasing concentrations of hydrogen donors. Table 1 lists the pKa values of the hydroxylic and carboxylic additives used here. [25] [26] [27] Typical voltammograms are shown in Figs. 1 -3. As shown in Fig. 1 , the presence of a weak hydrogen donor, such as CH3OH, causes two well-separated reduction waves, corresponding to the formation of AQ • -and AQ 2-; they shift positively with no loss of reversibility (Type I). Type II behavior is that the positive shift is accompanied by increasing height of the first peak and broadening, as well as irreversibility of the second wave; finally, the second wave is merged to the first wave into one reversible or quasi-reversible redox wave with increasing concentrations of the additives. Typical voltammograms are illustrated in Fig. 2 . The presence of moderately interacting phenolic additives, such as phenol, MP and CH(CF3)2OH (Table 1) , shows Type II behavior. On the other hand, the positive shift is accompanied by increasing the cathodic peak-height and irreversibility of the first wave, decreasing height of the second wave, and appearance of a new broad anodic peak at a more positive potential in the presence of 2,4,6-trichlorophenol and BA, whose acidities are larger than that of other additives. This type of behavior is classified into Type III. It is suggested that the acidity of the additives is an important factor for controlling the potentials and mechanisms in the AQ reduction.
Electrochemistry of AQ in the presence of weak hydrogen-bonding additives (Type I)
The electrochemistry of quinones in the presence of CH3OH is well documented in our previous papers. 6, 7 The addition of CH3OH to CH3CN solutions of AQ results in positive shifts of both reduction steps, which increase smoothly with the CH3OH concentration ([CH3OH]) and with no further loss of reversibility. This propensity is apparently observed for the second wave corresponding to AQ 2-generation. We have ascribed the significant potential shift of the second wave to a specific AQ 2--CH3OH interaction, i.e., hydrogen-bonding involving a strong n-σ charge-transfer interaction. Scheme 1 shows the sequential two-step one-electron redox equilibria involving hydrogen-bonded complex formations of AQ and the reduced species with CH3OH. It is well documented that AQ • -and AQ 2-interact with aliphatic alcohols via hydrogen-bonding through consecutive association steps which depend on the concentration of the alcohols. 7, 8, 11 The stoichiometry of the hydrogen-bonding complexes with CH3OH (1:n) is considered to be n = 2, 6, and 6 for AQ, AQ • -, and AQ 2- , respectively.
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The association processes are assumed to be carried out in consecutive stages according to the reactions shown in Scheme 1. The analysis was based on a digital simulation of curves with equal diffusion 
where E 2 is the half-wave reduction potential of AQ • -itself in the absence of CH3OH. This equation implies that a positive shift of the second waves is ascribed to the large values of K31, K32, K33, and K34. In our previous paper, the same order of the experimental values has been evaluated as K31·K32 = 7.3 × 10 4 L 2 /mol 2 and K33·K34 = 3.1 × 10 2 L 2 /mol 2 at 20 C, and has been attributed to strong hydrogen-bonding involving the n-σ charge-transfer interaction of AQ 2-with CH3OH, which causes a significant positive shift of the second wave. Fig. 4b . On the other hand, the mole-fraction distributions for chemical species formed during the association of AQ 2-with CH3OH significantly depend on CH3OH concentrations less than 1 mol/L. The predominant species are AQ 2-(CH3OH)2, AQ 2-(CH3OH)4, and AQ 2-(CH3OH)6, which is generally accepted for hydrogen-bonding systems of the quinone dianions in view of the strength and directionality of the hydrogen-bonds of the dianion. 11, 28 This diagram can easily give the main simple pathway from the complex redox mechanisms, as follows:
[CH3OH] = 0.10 mol/L:
These reaction mechanisms correspond to the cyclic voltammograms 2, 3 and 4 in Fig. 1 , respectively. Type I is characterized by a positive shift on the cyclic voltammograms with no loss of reversibility, ascribed to the hydrogen-bonding interaction of AQ 2-with CH3OH through the consecutive association steps.
Electrochemistry of AQ in the presence of moderately interacting hydrogen donors (Type II)
The addition of moderately interacting hydrogen-donors, such as MP and phenols, to the AQ solution apparently shows several features in the voltammograms, quite unlike the case of CH3OH. Figure 2 illustrates the typical voltammogram observed for the presence of MP. The second reduction peak, which decreases in height until it is almost absent at 5.0 mmol/L, moves in the positive direction with increasing concentrations of MP. Meanwhile, the first wave also shifts in the positive direction and, at high sufficient concentrations of MP, begins to increase in height, and merges the second wave, with no loss of reversibility. The same voltammogram was observed for the presence of phenol and CH(CF3)2OH, as shown in Fig. 5 . Scheme 2 shows the sequential two-step one-electron redox equilibria involving hydrogen-bonding associations of AQ and the reduced species with MP. The stoichiometry of the hydrogen-bonded complexes with MP (1:n) is considered to be n = 1 -4 for AQ, AQ • -, and AQ 2-. 28 The association processes are assumed to be carried out in consecutive stages according to the reactions shown in Scheme 2. A digital simulation was performed with equal diffusion coefficients for the AQ(MP)n, AQ • -(MP)n and AQ 2-(MP)n hydrogen-bonded complexes, regardless of the charge of AQ. The diffusion coefficients used were 1.4 × 10 -5 for n = 1, 1.2 × 10 -5 for n = 2, 1.0 × 10 -5 for n = 3, and 8.0 × 10 -6 cm 2 /s for n = 4. The complexation reactions were treated as fast and reversible processes in fitting the voltammograms in the presence of MP. The best-fit parameters simulated the observed voltammograms are shown in Scheme 2, and the simulated voltammograms are illustrated in Fig. 2 as shown in Fig. 6c . Therefore, the systematical positive shift of the second wave according to Eq. (1) can not be observed under the condition of less concentrations of MP than AQ. This situation gives growth in the height of a cathodic peak located just inferior to the first original peak at the expense of the second original peak (voltammogram 2 in Fig. 2) , suggesting the presence of two redox pairs in the second redox reaction, i.e. Fig. 2) , the first reduction step corresponds to the AQ • -(MP) and AQ • -(MP)2 generation from AQ. The first reduction peak becomes nearly 2-times higher than the original peak, with an increase in the corresponding anodic peak. This implies that AQ • -(MP) and AQ • -(MP)2 are more easily reduced than AQ, facilitated by consecutive hydrogen-bond formation of the two-electron products, resulting in the generation of AQ 2-(MP)4, as can be seen from Fig. 6 . Note here that the increase in current of the first reduction peak may be attributed to the re-reduction of the AQ generated by disproportionation of AQ • -(MP)n to give AQ and AQ 2-(MP)4. Our attempts to simulate these experimental observations did not give a clear display on the involvement of the dispropotionation reaction, because of the large number of unknown parameters. However, the gross features of the voltammogram can be reproduced by our simulation, and it is concluded that the Type II mechanism is characterized by the reversible or quasi-reversible one-step two-electron reduction reaction, AQ + 2e -+ nMP → AQ 2-(MP)n (n = 2, 3, 4), facilitated by strong hydrogen-bonding of AQ 2- with MP.
Electrochemistry of AQ in the presence of strongly interacting hydrogen donors (Type III)
BA is a more strongly acidic and hydrogen-bonding reagent than phenol (Table 1) . Cyclic voltammograms of AQ in CH3CN at different concentrations of BA are shown in Fig. 3 . The second wave becomes broad and small in height, and finally disappears at higher concentrations of BA. An additional reduction peak (shoulder) prior to the first reduction of AQ now appears, and grows in height with increasing concentrations of BA, accompanied by a decrease in the corresponding anodic peak. By the way, the appearance of the reduction pre-peak of quinones in the presence of acids has been recognized since the 1960s, and the pre-peak current has been utilized for the determination of the acids in various fields. [29] [30] [31] The new reduction peak prior to the original first reduction observed for the presence of BA suggests the formation of another easily reducible species in the medium before the first reduction step. This species seems to be either protonated or hydrogen-bonded AQ • -. In view of the pKa values for the benzoquinone radical anion (pKa = 4.0) 32 and BA (Table 1) , the protonation of AQ • -from BA seems to be fairly likely. In addition, a new broad anodic peak at about 0.5 V also appears with increasing the concentrations. Since BA is sufficiently acidic to protonate the more basic AQ 2-on the basis of the pKa value of the benzoquinone dianion (pKa = 11 -12), 33, 34 the new peak would be assigned to oxidation of the protonated products of AQ 2-. In view of the above-mentioned situations, the coupled proton and electron-transfer reaction composed of electron transfer, hydrogen-bonding with BA, and protonation from BA are considered for the electroreduction of AQ in the presence of BA, as shown in Scheme 3. A digital simulation was performed with equal diffusion coefficients for HAQ • , HAQ -and H2AQ (1.6 × 10 -5 cm 2 /s), and for the hydrogen-bonded complexes of all AQ species with BA (1.3 × 10 -5 for n = 1 and 1.0 × 10 -5 cm 2 /s for n = 2). The diffusion coefficient of the benzoate anion is assumed to be 2.0 × 10 -5 cm 2 /s. Figure 7 shows a mole-fraction distribution diagram for chemical species, calculated by the hydrogen-bonded complex formation and proton association constants (Scheme 3), which were estimated from simulations of the curves. At the first electron transfer step, the extremely large value of the hydrogen-bond formation constant hydrogen-bonded complex at the first reduction potential, facilitated by the less-negative values of E31 and E32 than E10, followed by the quantitative generation of H2AQ (K35 and K36 for HAQ -, and K36 for HAQ --BA). Therefore, as is suggested from Fig. 7 , the coupled proton and electron-transfer reaction of AQ in the presence of BA is simply described in the wide range of the concentrations of BA as AQ + BA → AQ-BA (hydrogen-bond formation),
AQ-BA + e → AQ • --BA (1st electron tranfer),
AQ + e → AQ • -(1st electron transfer),
HAQ -+ BA → HAQ --BA (hydrogen-bond formation), (12) HAQ • -BA + e → HAQ --BA (2nd electron transfer),
HAQ --BA → H2AQ + BA -(proton transfer).
These reactions apparently proceed as a simultaneous coupled electron and proton transfer process under the condition of the initial concentration of AQ less than that of BA, giving the irreversible 2-electron reduction wave coupled with the broad anodic wave, as can be seen from the cyclic voltammogram 4 illustrated in Fig. 3 . This is a typical voltammogram of AQ in the presence of acids, such as BA. Note here that the anodic irreversibility characterized by a broad and low current wave is attributed to difficult deprotonation of H2AQ because of the electrochemistry in aprotic media unbuffered for proton transfer.
On the other hand, the voltammograms under the condition of higher concentrations of AQ than those of BA (voltammograms 2 and 3 in Fig. 3 ) are characterized by the growth in height of a cathodic peak prior to the first original peak at the expense of the second original peak, suggesting the presence of multi redox pairs in the second electron-transfer reaction, i.e. AQ • -/AQ 2-, HAQ • /HAQ -, …, etc., facilitated by the quantitative formation (K21) of the AQ • --BA hydrogen-bonded complex followed by the HAQ • generation (K23). 2,4,6-Trichlorophenol and 4-cyanophenol are acidic and hydrogen-bonding reagents weaker than BA, and stronger than phenol (Table 1 ). Figure 8 shows the cyclic voltammograms of AQ in CH3CN at different concentrations of the donors. The electrochemical characteristics in the presence of Scheme 3 Equilibria involving two-step one-electron transfer, formation of the hydrogen-bonded complexes with benzoic acid (BA), and proton transfer in the hydrogen-bonded complexes, with parameters giving the best fit simulated voltammograms illustrated in Fig. 3 . Redox potentials (E) and association constants (K) are described in V and L/mol units, respectively.
2,4,6-trichlorophenol are very similar to those in the presence of BA. However, the protonation step is expected to follow the second reduction step, since the protonation of AQ • -(pKa = 4.0 for the benzoquinone radical anion) from 2,4,6-trichlorophenol (pKa = 6.23) is thermodynamically unlikely, and that of AQ 2- (pKa = 11 -12 for the benzoquinone dianion) is quite favorable. Therefore, the mechanism in the presence of higher concentrations of 2,4,6-trichlorophenol than AQ is expected as one-step reduction involving Eqs. (5) - (8), (13) , and (14) . On the other hand, the electrochemistry in the presence of less-acidic 4-cyanophenol is rather similar to that in the presence of phenol, and sharply different from that in the presence of BA. An additional reduction peak prior to the original first wave at low concentrations of 4-cyanophenol and irreversibility of the two-electron reduction wave at the high concentrations slightly appears in the voltammograms compared to the voltammetric feature of Type II. These are attributed to proton transfer in the hydrogen-bonded complexes, AQ 2-(4-cyanophenol)n, at high concentrations of 4-cyanophenol.
Recently, special attention has been paid to a CPET mechanism for reduction of the hydrogen-bonded complex of the radical anion of some quinones with hydrogen donors instead of the sequential two-step mechanism comprised of electron transfer (reduction of the hydrogen-bonded complex), followed by proton transfer, as expressed by Eqs. (6) and (9) for the first step, and Eqs. (13) and (14) for the second step. 17 The large values of K23 and K36 may suggest that reduction of the AQ-BA and HAQ • -BA hydrogen-bonded complexes proceeds via CPET mechanisms.
Conclusions
The effects of hydrogen-bond and proton-donating additives on the electroreduction of AQ are systematically demonstrated over the typical interaction range. It has been reconfirmed that hydrogen-bonding and protonation are important factors for controlling the potentials and mechanisms in the reduction of quinones. The electrochemical behaviors of AQ with hydrogenbond and proton-donating additives are closely related to the acidity of the additives, and are explained by the typical voltammetric features of Types I, II and III. Type I behavior is assigned to stabilization by consecutive hydrogen-bonding of the dianion reduction products, which is observed for the presence of weakly interacting additives, such as CH3OH.
Type II is attributed to a reversible or quasireversible 2-electron reduction mechanism involving strong hydrogen-bonding of the dianion with moderately interacting additives, such as substituted phenols. Type III behavior is attributed to coupled proton and electron transfer observed for reduction of the hydrogen-bonded complexes of the mono-and dianion reduction products with strongly interacting additives, such as benzoic acid. Special attention was paid to a CPET mechanism for reduction of the hydrogen-bonded complex of the radical anions and dianions. Among several mechanisms considered in the simulations, the simple reaction scheme composed of electron transfer, hydrogenbonded complex formation, and proton transfer has been adopted to obtain distinguishing features of the experimental curves because the large number of unknown parameters on the complex scheme of possible chemical and redox processes are required to obtain the full and detailed mechanism. Our attempts to simulate the experimental observations sufficiently reproduce the gross feature of the voltammograms to assign the characteristic waves. The results obtained in this paper have provided complicated, but reasonable, explanations of all the features of the voltammetric behavior of AQ in both the absence and presence of hydrogen-bond and proton donating additives.
